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Abstract 
Fatty acid binding site on isolated mitochondrial uncoupling protein (UcP) is demonstrated using EPR spectroscopy of S-DOXYL-stearic acid 
(5SASL), which also activated H+ transport in proteoliposomes containing UcP. In the presence of UcP the EPR spectrum showed reproducible 
broadening of the low field peak as well as an increase in h+lI/h+,M ratio, rotational correlation time and in order parameter. The half-height width 
of the low field peak was even doubled in the presence of another UcP ligand, GDP. Palmitic acid reversed the effect of 5-SASL and non-ionizable 
5-DOXYL-decane did not exhibit it. 
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1. Introduction 
Fatty acids have recently been recognized as also play- 
ing a role as allosteric regulators. In mitochondria, fatty 
acids are believed to be uncouplers (decouplers) of oxida- 
tive phosphorylation [l]. In the specialized brown adi- 
pose tissue (BAT) [2], a specific mitochondrial protein, 
the uncoupling protein (UcP) [3] is activated by fatty 
acids to short-circuit the protonmotive force and gener- 
ate heat. The fatty acid binding site has not yet been 
identified. Nevertheless, specific effects of fatty acids re- 
lated to the UcP are well documented in mitochondria 
[4-63 and with reconstituted UcP in liposomes [7,8]. Ac- 
tivation of GDP-sensitive uncoupling in mitochondria 
has a characteristic pattern requiring long chain (C > 10) 
unesterified fatty acids with optimum response at 14 car- 
bons (myristic acid) and increasing with degree of un- 
saturation [4]. In proteoliposomes, palmitic acid acti- 
*Corresponding author. Fax: (42) (2) 471 9517. 
Abbreviations: BAT, brown adipose tissue; h,,, low field peak; h-,, high 
field peak; hdh-‘, the ratio of heights of the middle- and high-field peak; 
Octyl-POE, octyl-pentaoxyethylene; PBFI, potassium-binding ben- 
zofuran phtalate; 16-SASL, 16-DOXYL-stearic acid; 5-SASL, 
5-DOXYL-stearic acid, where DOXYL is the 4,4-diiethyl-3- 
oxazolinyloxy residue; rs, rotational correlation time; TEA, tetraethyl- 
ammonium; TES, N-tris Fydroxymethyllmethyl-2aminoethane sulfo- 
nit acid; UcP, uncoupling protein, IV(%),,+,), half height peak width. 
vates the apparent H’ transport which is inhibited by 
GDP [7,8]. 
The lack of an appropriate methodology has resulted 
in the inability to detect a putative fatty acid binding site 
on UcP. A classic radioligand binding protocol was use- 
less because the membrane, representing an unlimited 
reservoir for fatty acids, produced extremely high non- 
specific binding [6]. We now have the first evidence of 
binding of fatty acids to the isolated UcP. We employed 
5-DOXYL-stearic acid [9-121 and showed reproducible 
broadening of the low field peak and increase in h+,#~+,~ 
ratio in its EPR spectrum which was enhanced even fur- 
ther (the half-height width was doubled) by the presence 
of GDP. Palmitic acid readily reversed the effect of 5- 
SASL and non-ionizable 5-DOXYL-decane did not ex- 
hibit it. 
2. Material and methods 
BAT mitochondria were isolated from Syrian hamsters by a standard 
method in a medium containing 5 mg BSA/mg, and swelling in potas- 
sium acetate was measured as described previously [4]. 
2.1. Isolation of UcP 
UcP was isolated by the step-wise lution method (cf. [13]) as follows: 
BAT mitochondria (117 mg protein) were extracted without lipid pro- 
tection by 5 ml of 4.5% octylpentaoxyethylene (Cktyl-POE) in 25 mM 
TEA-TES, 50 mM TEA&SO,, 0.2 mM TEA-EDTA, pH 7.2. The extract 
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was centrifuged at 100,000 x g for 30 min and loaded on to two 10 ml 
spin-columns, each containing 3 g of dry hydroxylapatite. UcP was 
eluted in five subsequent steps by centrifugation. The elution medium 
contained 5 mM TEA-TES, 30 mM TEA,S04, 0.2 mM TEA-EDTA, 
pH 7.2. The first ‘pass-through’ fraction contained approx. 50% of the 
total UcP in diluted form. Two subsequent 1ml elutions yielded all the 
remaining UcP concentrated in the detergent. These fractions were 
stored at -80°C and used for reconstitution. Fractions l-3 showed a 
single band of M, 32,000, fraction 4 contained some contaminants 
above M, 40,000, and the fifth eluate had virtually no UcP, as revealed 
by the electrophoresis on 12% acrylamide silver-stained minigels. For 
EPR measurement the protein from several fractions 2 and 3 was 
collected and pressure concentrated. 
2.2. PBFI Detection of IT efJlux as the K* counterfux in liposomes 
containing UcP 
Isolated UcP was reconstituted by essentially the same method and 
using the same materials as described previously [l&16]. H’ efflux was 
followed as the counterflux (uptake) of K’ in the presence of valinomy- 
tin [15]. Internal [K+] was detected by the fluorescent indicator, PBFI 
[16] (Molecular Probes, Eugene, OR). Measurements were performed 
on-a Shimadzu RF 5001PC (Shimadzu Europa GmBH, Germany). 
Vesicle interior contained 75 mM TEASO,. 75 mM TEA-TES. nH 7.2. 
0.05 mM KrSO, and 50pM PBFI. Forttheassay, 100~1 of vesicles were 
mixed with 1.9 ml of 75 mM K2S04, 75 mM TEA-TES, pH 7.2, and 
after 20 s 1 PM valinomycin was added*. The fluorescence traces were 
transformed into ‘K+ traces’ using calibrations by aliquots of KC1 (cf. 
[16]) in the presence of 0.5pM nigericin and 5pM tributyltin. Transport 
rates were calculated using known (added) protein content and evalua- 
tions of the vesicle volume from size distribution estimated with a 
Malvem laser particle sizer. The size was 23&250 nm giving a single 
vesicle volume of 0.6-0.75~10-” pl. 
2.3. EPR spectroscopy 
EPR spectroscopy was accomplished in 50 ~1 capillaries with a 
Bruker B-R 70 Digital EPR spectrometer with a B-E 25 magnet. For 
detection of binding of the spin-probe several parameters were used. 
Splitting of the low field peak h,, into the two peaks, h,,, and h+l,, 
corresponding to ‘mobile’ and immobilized fractions, respectively, re- 
flects binding of the probe [18,19]. If their separation is low, binding 
can be described simply by an increase in the half-height width of the 
h,, peak ( W(!/Z),+,). Another measure of binding is the ratio of heights 
of the middle- and high-field peak, /I&-’ [19,20], a term necessary for 
calculation of the rotational correlation time [11,12], given as: 
ra = 6.5. 10-‘“.W,,.[(ht,/ h-f2 - l] (1) 
where W, is the width of the middle peak. The other parameter used, 
the order parameter, S, also describes immobilization of a probe, 
namely its anisotropic motion in lipid systems [l 1,12,2 11: 
S = 1.723.[A,, - (A, + C)]/[A,, + 2.(A, + C)] (2) 
where 
c = 1.4-O.O53.(A,, - A,) (3) 
and A,, and A, is outer and inner hypetine splitting due to parallel 
and antiparallel coupling, respectively. 
3. Results 
3.1. S-DOXYL- and IbDOXYL-@earic acid activate fl 
transport in proteoliposomes containing reconstituted 
UCP 
In order to demonstrate that spin-labeled derivatives 
*The media must be free of UcP substrates otherwise K+ uptake reflects 
the sum of anion uptake and H’ et&x. However, accepting the Sku- 
lachev hypothesis [17] that fatty acid are substrates, the method then 
actually detects the e&ix of anionic fatty acid balancing the K’ uptake. 
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Fig. 1. Activation of H+ transport by 5-DOXYL-stearic acid in vesicles 
with the reconstituted UcP. Typical K’ traces detected by PBFI in 
response to valinomycin-induced H+ efflux were measured with and 
without 100 PM 5-SASL in the presence and absence of external 0.5 
mM GDP Rates reached 1,018 and 500 mnol H’/min.mg protein in 
controls without and with GDP, respectively, and 6,350 mnol H+/ 
min’mg protein with S-SASL or 4330 with 5-SASL plus 
GDP. 
of steak acid (SASL) can functionally replace natural 
fatty acids, we have evaluated the activation of apparent 
H’ transport by SASL in proteoliposomes with reconsti- 
tuted UcP. When added either prior to reconstitution (cf. 
[8]) or added to the assay medium, both 16-DOXYL-( 16- 
SASL) and 5-DOXYL-stearic acid (5-SASL) (Fig. 1) 
were found to powerfully activate H’ flux which was 
very low in their absence or in the presence of BSA. 
Transport was inhibited by approx. 50% by 500 FM 
GDP. (Note that full inhibition can be observed only 
when GDP is present on both sides of the membrane, cf. 
[14].) The position of the spin label at C5 or Cl6 had no 
significant effect on the apparent strength of activation 
in proteoliposomes. K, for 5-SASL, estimated from a 
Hill plot (not shown), was about 18 PM when GDP- 
sensitive rates were used and maximum activation was 
set at values obtained prior to lysis which predominate 
above 200 ,uM. Activation by 16-SASL with a K, of 11.3 
PM is also demonstrated with intact BAT mitochondria 
when H’ transport was assayed as valinomycin-induced 
swelling in potassium acetate (Fig. 2). The apparent K, 
is lower due to the lower lipid-to-protein ratio in mito- 
chondria. 
3.2. EPR spectra of.5-DOXYL stearic acid bound to UcP 
EPR spectroscopy can be suitable for detection of 
binding only in cases where the nitroxide group in the 
bound ligand is satisfactorily immobilized [9,10]. In the 
case of membrane proteins such as UcP, which, if not 
inserted into membranes must be preserved in detergent 
micelles, the immobilization of the probe in the micellar 
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Fig. 2. Activation of H’ transport in BAT mitochondria by 16-DOXYL 
stearic acid. The dose-response curve was constructed using absolute 
rates of swelling in potassium acetate induced by valinomycin at given 
concentrations of 16-SASL. The solid line represents the best fit using 
the Hill equation, with a Hill coefficient of 1.3 and a K, of 11.3 PM. 
system itself provides a ‘background’ over which the 
signal of bound spin label must be distinguished. Fig. 3, 
trace a, demonstrates a typical EPR spectrum of 5-SASL 
in 2% OctylPOE. The shape of such a spectrum with a 
strongly diminished high field peak h-i is already differ- 
4 
h +1 
ent from the isotropic spectrum of freely tumbling 5- 
SASL in ethanol, where the parameters were 
IV(%),,+,) = 2.4 gauss, rR = 0.34.10m9 s and S = 0.090 
(compare to Table 1). As expected, addition of palmitic 
acid or GDP or other substances to the detergent solu- 
tion did not influence the spectrum of 5-SASL (Table 1). 
In contrast, the EPR spectrum of 5-SASL in the pres- 
ence of UcP exhibits remarkable broadening of h,, (Fig. 
3, trace b). At 2.6:1 or 1.3:1 molar ratios of 5-SASL-to- 
UcP, W(l/),+,) was 1.3- or 1.6 times broader, respectively 
(Table 1). Moreover, correlated with increased IV(%),,+,), 
the h+i peak signal was extended to the lower field. This 
indicates the existence of a new peak corresponding to 
the immobilized 5-SASL population, however without 
clear peak separation. It was possible to calculate the 
h+nlh+,, ratio which increased four times in the presence 
of UcP (Table 1). Among other EPR parameters, rR, 
increased by 30% or 35% and the order parameter, S, by 
20% or 45% at 2.6:1 or 1.3:1 molar ratios, respectively. 
The reason for the less dramatic changes in these cases 
lies in the fact that rR and S reflect the averaged bound 
and unbound 5-SASL populations. 
When an excess of palmitic acid was added after 5- 
DOXYL-stearic acid, h+l retained the original shape of 
the spectrum of 5-SASL in the detergent (Fig. 3, trace c). 
Similarly, all parameters reached the values of the ‘back- 
ground’ spectrum (Table 1). 
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Fig. 3. Typical EPR spectra of S-DOXYL-stearic acid in the presence and absence of the UcP. (Trace a) 20 PM 5-SASL in 2% OctylPDE dispersed 
in 5 mM TEA-TES, 30 mM TEA,SO,, 0.2 mM TEA-EDTA, pH 7.2. (Trace b) 20pM 5-SASL in the presence of 52O@ml UcP in the same solution. 
60 ~1 contained 1.25 mnol of 5-SASL and 470 pmol of UcP, hence the stoichiometry was 2.6:1. (Trace c) Same as b but with 37.5 PM palmitic acid. 
In the figure, the low-, middle- and high-field peak (h,,, ho, h_,), the half-height width of the low field peak (W(%),,+J are indicated, as well as the 
heights of the low field peak of the immobilized (I) and mobile (M) spin label populations, h,,, and h+,[, respectively. 
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Fig. 4. Effect of GDP on EPR spectra of 5-DOXYL-stearic acid in the presence of UcP. (Trace a) 10 PM 5-SASL in the presence of 520 pg/ml UcP 
and 2 mM GDP in 2% OctylPOE, 5 mM TEA-TES, 30 mM TEA,SO,, 0.2 mM TEA-EDTA, pH 7.2 (stoichiometry 1.3:l). (Trace b) Same as a but 
with 37.5 PM palmitic acid. 
When 2 mM GDP was added to the micellar solution the changes in parameters were less pronounced in paral- 
of UcP containing 5-SASL at a 1.3:1 molar ratio, lel with increasing distance. The parameters of the 7- 
W(s)*+,) and r, even doubled in comparison to the pro- SASL spectra in the presence of UcP were 
tein-free solution (Fig. 4, Table 1). Without GDP, the W(s),+,) = 3.4 gauss, rR = 2.1.10m9 s and S= 0.167, 
W(l/,),+,) increased by 50%. The h+,r//~+~~ ratio increased whereas without UcP in 2% OctylPOE the values were 
five times and order parameter S by 50% (Table 1). W(%),,+J = 2.8 gauss, rR = 1.9~10-~ s and S = 0.142. The 
Palmitic acid again reversed this effect and the parame- spectra of 16-SASL showed virtually no effects, con- 
ters went back to the values found without protein firming the well-established fact, that nitroxide in the 
(Table 1). positions 16 is very mobile [lO-121. 
The above described effects of UcP on EPR spectra 
were not observed in the case of 5-DOXYL-decane as a 
probe (Table l), confirming that the carboxyl of the 
amphiphiles is required for binding. SL-fatty acids with 
DOXYL in positions further from the carboxyl, such as 
7-SASL, exhibited similar effects as 5-SASL, although 
4. Discussion 
Our results demonstrate for the first time the existence 
of a binding site for fatty acids on the UcP. The 5- 
Table 1 
Parameters of spectra of 5-DOXYL-stearic acid in the absence and presence of the uncoupling protein, in OctylPOE micelles 
Conditions Half-height peak Ratio of immobilized/ Rotational correlation Order parameter 
width, W(‘/&+, (gauss) mobile fraction, time, z, s 
h+,Jh+,i,, (lo-9 S) 
5-SASL:UcP, 2.6:1 
2% OctylPOE 
2% OctylPOE + pahnitic acid 
UCP 
UcP + palmitic acid 
5-SASL:UcP, 1.3:1 
2% OctylPOE 
2% OctylPOE + GDP 
UCP 
UcP + GDP 
UcP + GDP + pahnitic acid 
5-DOXYL-decane 
2% OctylPOE 
UCP 
3.0 0.05 2.03 0.162 
3.0 0.07 1.90 0.160 
3.8 0.19 2.52 0.192 
3.5 0.14 2.17 0.166 
2.7 0.07 1.70 0.140 
2.7 0.07 1.60 0.150 
4.2 0.24 2.15 0.202 
5.3 0.34 3.21 0.208 
3.3 0.08 1.56 0.172 
1.27 0.32 0.050 
1.32 0.34 0.054 
26 
DOXYL-stearic acid exhibited substantial immobiliza- 
tion which was not found in the protein-free micellar 
solution. One might still argue that the observed immobi- 
lization of 5-DOXYL-stearic acid is due to SASL en- 
trapped in the protein/detergent interface and not to a 
specific binding site. However, this should occur with 
any related hydrophobic spin label and should not ex- 
hibit competitive replacement by pahnitic acid. Since 5- 
DOXYL-decane does not exhibit any immobilization in 
the presence of UcP it supports the conclusion that 5- 
DOXYL-stearic acid binds to a specific site on the UcP. 
In lipid bilayers, fatty acids with chains shorter than the 
chains of the lipid were immobilized more than those 
with chains longer than the lipid chains [lo]. Similarly, 
one would expect that 5-DOXYL-decane would cause a 
strong background, i.e. immobilized-type of EPR spec- 
trum, if the effects were non-specific rather than UcP- 
related. 
Moreover, the enhanced immobilization of 5-SASL by 
the natural UcP ligand, GDP, independently proves that 
the immobilization was specific due to binding to UcP. 
In addition, this phenomenon might indicate the confor- 
mational changes related to GDP binding. This is fur- 
thermore important in the light of the recent hypothesis 
proposing that fatty acid binds inside the anion channel 
of UcP [22]. Since the transport of various monovalent 
unipolar anions is inhibited by GDP [22] and other 
purine nucleotides, one may speculate that the observed 
additional immobilization reflects, in fact, the fatty acid 
‘entrapped’ in the channel. However, addition of palmi- 
tic acid in this case should not remove bound probe. 
We have clearly shown that, whereas both 16-SASL 
and 5-SASL activate apparent H’ transport, only 
DOXYL in position 5 provides good EPR detection of 
the immobilization. Similarly as in bilayers, the part of 
the stearic acid molecule close to the carboxyl is immobi- 
lized when bound to UcP. 
Our finding justifies ongoing recent re-evalution of the 
uncoupling mechanism mediated by UcP [17,22]. This 
mechanism has been traditionally considered as pro- 
tonophoric. However, Skulachev [17] suggested a fatty 
acid cycling mechanism: anionic fatty acid passes 
through the UcP while its return in protonated form via 
the membrane causes the H’ flux. Alternatively, fatty 
acid might allosterically regulate H+ transport from the 
E! Jeiek, H.-J. FreislebenlFEBS Letters 343 (1994) 22-26 
‘docking site’ in the anion channel of UcP [22]. Both 
hypotheses inherently assume a specific fatty acid bind- 
ing site, the existence of which we just confirmed. 
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